Integrated nanophotonic devices create strong light-matter interactions that are important for the development of solidstate quantum networks 1 , distributed quantum computers 2 and ultralow-power optoelectronics 3, 4 . A key component for many of these applications is the photonic quantum logic gate, where the quantum state of a solid-state quantum bit (qubit) conditionally controls the state of a photonic qubit. These gates are crucial for the development of robust quantum networks [5] [6] [7] , non-destructive quantum measurements 8,9 and strong photon-photon interactions
Integrated nanophotonic devices create strong light-matter interactions that are important for the development of solidstate quantum networks 1 , distributed quantum computers 2 and ultralow-power optoelectronics 3, 4 . A key component for many of these applications is the photonic quantum logic gate, where the quantum state of a solid-state quantum bit (qubit) conditionally controls the state of a photonic qubit. These gates are crucial for the development of robust quantum networks [5] [6] [7] , non-destructive quantum measurements 8, 9 and strong photon-photon interactions 10 . Here, we experimentally realize a quantum logic gate between an optical photon and a solid-state qubit. The qubit is composed of a quantum dot strongly coupled to a nanocavity, which acts as a coherently controllable qubit system that conditionally flips the polarization of a photon on picosecond timescales, implementing a controlled-NOT gate. Our results represent an important step towards solid-state quantum networks and provide a versatile approach for probing quantum dot-photon interactions on ultrafast timescales.
Quantum dots are semiconductor emitters that can store quantum information using both excitons 11 and spin [12] [13] [14] [15] [16] . Because they are embedded in a host material, these solid-state qubits can be practically integrated into photonic devices without complex atomic traps. They can also mediate two-qubit quantum operations between distinguishable excitons confined in a single dot 17 , as well as between two spins in vertically coupled dots 18 . In a quantum network, quantum dots must strongly interact with photonic qubits to create and distribute entanglement. Several works have proposed using optical nanocavities to implement these interactions by direct quantum logic gates [5] [6] [7] . These gates exploit the strong coupling regime of cavity quantum electrodynamics [19] [20] [21] [22] , where a single quantum dot can greatly alter the nanocavity spectral response 23, 24 . We realize a quantum logic gate using an InAs quantum dot strongly coupled to a photonic crystal cavity. Figure 1a illustrates the quantum-dot level structure, which includes a ground state |gl and two bright exciton states, labelled |þl and |2l, representing the two anti-aligned spin configurations of the electron and hole. The optical transitions from the ground state to the two bright excitons, denoted s þ and s 2 , exhibit right-and left-circularly polarized emission, respectively, at high magnetic fields. A magnetic field in the sample growth direction (Faraday configuration) tunes the s þ transition on resonance with the cavity while simultaneously detuning the s 2 transition 25 . In this configuration, states |gl and |2l are the qubit states of the quantum dot, and the s þ transition couples the qubit to a photon. The cavity serves the dual role of creating a photonic interface through cavity reflectivity modification 23, 24 via the s þ transition, and suppressing the spontaneous emission of the s 2 transition.
Figure 1b presents a scanning electron microscopy (SEM) image of the fabricated photonic crystal cavity (see Methods and Supplementary Section S1 for details on device design and fabrication). These cavities exhibit high-Q modes that have a well-defined polarization. The photonic qubit encodes quantum information using the polarization states |Hl and |Vl rotated 458 relative to the polarization axis of the cavity. The qubit states can be expressed in the polarization basis that is parallel and orthogonal to the cavity axis, denoted |xl and |yl respectively, using the relations
Upon reflection from the sample surface, the photonic qubit states will be transformed to the states |Hl
√ where r is the cavity reflection coefficient. This reflection coefficient can be directly calculated from the HeisenbergLangevin equations of motion (Supplementary Section S2). If the photon is resonant with the cavity mode and the quantum dot is in state |2l (Fig. 1c, bottom) , the system behaves like a bare cavity and r ¼ 21. The photonic qubit therefore experiences a bit flip (|Hl |Vl and |Vl |Hl). If, however, the quantum dot is in state |gl (Fig. 1c, top) , the optical transition to the |þl state will strongly modify the reflection coefficient 23, 24 . When both the photon and the s þ transition are resonant with the cavity, the reflection coefficient becomes r ¼ (C 2 1)/(C þ 1), where C ¼ 2g 2 /gk is the atomic cooperativity. The parameters g, k and g denote the cavity-quantum dot coupling strength, cavity energy decay rate and exciton decay rate for the s þ transition, respectively. In the limit C ≫ 1, r 1 and the photonic qubit remains unchanged (|Hl |Hl and |Vl |Vl). Thus, the state of the quantum dot controls whether the photonic qubit will experience a bit flip, which implements a complete controlled-NOT (cNOT) logic gate.
We initially characterized the device under continuous-wave (c.w.) excitation using a broadband light-emitting diode (LED; see Methods). Figure 2a plots the cavity reflection spectrum as a function of magnetic field, with the cavity excited using a vertically polarized input field and the reflected intensity measured along the horizontally polarized component. At 0 T, the spectrum shows a bright peak due to the cavity, and a second peak due to the quantum dot that is blue-detuned from the cavity resonance by 0.11 nm. As we increase the magnetic field the quantum dot line splits into two peaks corresponding to the s þ transition (redshift) and the s 2 transition (blueshift). The s þ transition exhibits an anti-crossing when tuned across the cavity resonance, which indicates the system operates in the strong coupling regime. Figure 2b presents a high-spectral-resolution measurement performed using a tunable narrowband laser at 1.6 T (see Methods), when the s þ transition is resonant with the cavity, together with a numerical fit to a theoretical model (Supplementary Section S3). From the numerical fit we determine g/2p ¼ 12.9 GHz and The polarization of an incident photon is preserved when the quantum dot is in state |gl (top), and is rotated when the quantum dot is in state |2l (bottom). The horizontal dashed lines indicate the degenerate energy level of the |þl quantum dot state and the cavity photon state, which are split into two polariton states |P þ l and |P 2 l in the strong coupling regime. d, Measurement set-up. Pump and probe polarization is selected and measured using a PBS and a HWP. A flip mirror (FM) is used to direct the probe signal from either the transmitted or reflected port of the PBS to a single-mode fibre (SMF) and then to a grating spectrometer. OL, objective lens; BS, beam splitter; M, mirror; QD, quantum dot. w. excitation. a, Cavity spectrum measured using a broadband LED as a function of magnetic field at a temperature of 4.3 K. b, Cavity spectrum measured using a tunable narrowband diode laser at a magnetic field of 1.6 T. The red solid line is a fit to a theoretical model. c, Cavity spectrum measured using a broadband LED as a function of diode laser frequency, which is swept across the s 2 transition of the quantum dot (QD) at a magnetic field of 1.6 T. When the pump laser is resonant with the s 2 transition, the dip induced by the quantum dot is inhibited. d-f, Cavity spectra for pump laser detunings of D L /2p ¼ 10, 0 and 210 GHz, respectively, relative to the s 2 transition.
k/2p ¼ 31.9 GHz (Quality factor Q ¼ 10,200). The measured values of g and k satisfy the strong coupling condition g . k/4, proving that the device operates in the strong coupling regime [19] [20] [21] [22] [23] [24] . To populate the |2l state, we excited the sample with a tunable narrowband laser while simultaneously probing the cavity spectrum with the broadband LED. Figure 2c shows the spectrum as a function of detuning between the tunable laser and the s 2 transition (D L /2p) using a pump power of 1.8 mW (measured before the objective lens). When the pump laser is resonant with the s 2 transition it creates a strong modification of the cavity spectrum. Figure 2d -f plots the measured spectrum for specific laser detunings of 10, 0 and 210 GHz, respectively. At 0 GHz detuning, the central dip in the cavity spectrum is suppressed because the quantum dot is incoherently pumped into the |2l state. This suppression quickly vanishes at both red-and bluedetuned pump wavelengths.
To demonstrate quantum gate operation, we used short optical pulses to prepare the initial qubit state of the quantum dot and generate the photonic qubit. A 10 ps pump pulse resonant with the s 2 transition prepared the state of the quantum dot through coherent Rabi oscillations, while an attenuated 75 ps probe pulse served as the photonic qubit (see Methods). We selected these pulse durations to be short compared to the lifetime of the |2l state (Supplementary Section S4), and also to ensure that the probe pulse spectrum was narrower than the spectral dip in Fig. 2b . Figure 3a plots the probe intensity as a function of the square root of the average pump power P, where we set the incident probe pulse to be vertically polarized and measured the reflected pulse along the horizontal polarization axis. The figure displays the results for both 80 ps and 4 ns pump-probe delays. The data reveal a clear oscillatory behaviour for 80 ps delay due to Rabi oscillation between states |gl and |2l, where a pump power of 0.12 mW achieves a p-pulse. These oscillations vanish at 4 ns delay because the quantum dot has decayed back to the ground state before the photonic qubit interacts with the cavity. The contrast of the Rabi oscillations degrades with increasing pump intensity, an effect that we attribute to phonon-mediated excitation-induced dephasing 26, 27 . To obtain the full time-resolved reflection spectrum, we tuned the probe beam frequency across the cavity resonance. Figure 3b e shows the measured probe intensity for 0, p, 2p and 3p pump pulse amplitudes for both 80 ps and 4 ns delays, together with theoretical fits. At 80 ps delay, the spectrum oscillates between the bare cavity lineshape and the lineshape of a strongly coupled cavity-quantum dot system. The blue solid curves in Fig. 3c and e represent the ideal bare cavity spectra when the quantum dot is excited to the |2l state with unity probability. In Fig. 3c , the measured signal at 80 ps delay for the cavity resonant wavelength (920.97 nm) achieves 95% of the maximum predicted value. From this value we calculate the occupation probability of the |2l state to be 0.93+0.04 after a p pulse (Supplementary Section S5). We attribute the small reduction from unity probability to the spontaneous decay of the |2l state that may occur before the photonic qubit has finished interacting with the cavity. Figure 4 shows pump-probe measurements for the four possible combinations of input and output photon polarizations (see Methods). We tuned the probe beam frequency across the cavity resonance while pumping the s 2 transition with a p pulse. Measurements taken at 80 ps delay correspond to a quantum dot in the |2l state with high probability, while at 4 ns delay the quantum dot has decayed back to state |gl. In Fig. 4a we set the incident polarization to be vertically polarized, as in Fig. 3c , but measured the probe intensity along the vertical polarization axis instead. In this case we observed the reverse behaviour, where a quantum dot in state |2l produces a minimum measured intensity at the cavity resonant wavelength, while a quantum dot in state |gl creates a maximum. Optimal gate operation is attained when the input field is resonant with the quantum dot s þ transition (920.96 nm). Figure 4e shows the probability table for the quantum gate under this operating condition (Supplementary Section S6). When the quantum dot is in state |2l, the probabilities of a bit flip are P H V ¼ 0.93+0.03 and P V H ¼ 0.98+0.04, giving the gate fidelity (the probability of being in the correct output state) for the two input polarizations. When the quantum dot is in state |gl, the gate fidelities are given by P V V ¼ 0.58+0.04 and P H H ¼ 0.61+0.07. The reduction in gate fidelity in this case is due to finite cooperativity and spectral wandering, consistent with the contrast measured in Fig. 2b under monochromatic excitation.
In conclusion, we have demonstrated a quantum gate between a quantum dot and a photon, an important enabler for robust and scalable quantum networks [5] [6] [7] , and the generation of strong photon-photon interactions 10 . The switching contrast and gate speed could be improved by using photonic crystal cavity designs with smaller mode volumes 28 , and by better alignment of the quantum dot with the high-field mode of the cavity 22 . These results can also be extended to qubits based on electron and hole spins of charged quantum dots, which exhibit significantly longer coherence times [12] [13] [14] [15] [16] 18 . The current device implementation can be adapted to a planar integrated architecture by using a waveguidecoupled cavity-quantum dot system 29 . When combined with local quantum dot tuning methods 30 , these devices provide a potential route towards quantum information processing on a chip.
Methods
Device fabrication. The sample consisted of a 160 nm GaAs layer on top of a 1 mm AlGaAs sacrificial layer grown by molecular beam epitaxy. A single layer of selfassembled InAs quantum dots (density of 10-50 mm 22 ) was grown in the centre of the GaAs layer. A distributed Bragg reflector composed of 10 layers of GaAs and AlAs was grown below the photonic crystal layer and acted as a high reflectivity mirror, enabling the device to behave as a one-sided cavity 23 . Photonic crystal cavities with a three-hole defect (L3 cavity) were fabricated using electron beam lithography, followed by Cl 2 -based dry etching, and finally wet-etch removal of the AlGaAs sacrificial layer using hydrofluoric acid.
Measurement set-up. The sample was mounted in a continuous-flow liquid-helium cryostat and cooled to 4.3 K. The sample mount was surrounded by a superconducting magnet able to apply magnetic fields of up to 7 T. Sample excitation and collection were performed by confocal microscopy using an objective lens with a numerical aperture of 0.68. The polarization axis for excitation and collection was set by a half-wave plate (HWP) and analysed by a polarizing beamsplitter (PBS), as illustrated in Fig. 1d . The collected signal was focused into a single-mode fibre to spatially filter only the cavity-coupled signal and isolate a single transverse mode, and then measured by a grating spectrometer and nitrogen-cooled charge-coupled device (CCD) camera. The resolution of the spectrometer camera system was 7 GHz.
Continuous-wave measurement. The cavity spectrum was measured using either a broadband LED or a tunable diode laser. The LED was used as a white light source with dominant emission in the wavelength range 900-950 nm. The diode laser had a narrow linewidth (.300 kHz) that could be continuously tuned between 920 and 940 nm. The high-resolution cavity spectrum in Fig. 2b was measured by continuously sweeping the tunable laser frequency over the cavity resonance and measuring the reflected laser signal. Each data point in Fig. 2b was obtained by fitting the measured laser signal with a Gaussian function, where the frequency and scattering intensity of each data point were obtained from the Gaussian fit. Figure 2c -f was obtained by sweeping a diode laser frequency over the s 2 transition to pump the |2l state, while simultaneously probing the cavity spectrum with the broadband LED. Background noise due to inelastic scattering from the pump was subtracted in Fig. 2d-f . The contrast of the dip induced by the quantum dot in Fig. 2d and f was measured to be 25% on resonance with the s þ transition, which was lower than the measured contrast in Fig. 2b due to limited spectrometer resolution as well as off-resonant excitation of the s þ transition by the pump laser.
Pump-probe pulse measurement. The pump and probe were generated using two time-synchronized Ti:sapphire lasers. The sample was maintained at 4.3 K, and a magnetic field of 3-5 T was applied depending on the detuning between the quantum dot and the cavity. The lasers were synchronized by piezo feedback in the probe laser cavity, which locked its clock frequency to the pump laser with an accuracy of 100 fs. The delay between the pump and probe was controlled electronically by a phase-lock loop in the synchronization electronics. The pump pulse duration, initially 2 ps, was expanded to 10 ps by spectral filtering, and the probe pulse duration, initially 5 ps, was filtered to 75 ps using separate grating spectrometers. After filtering, the probe beam passed through an intensity stabilizer. The pump-probe delay was measured by a single-photon avalanche photodiode with 30 ps resolution. The probe beam power was set to 1 nW, measured before the objective lens. The coupling efficiency of the probe into the cavity mode has been measured previously to be 0.16% (ref. 31 ). This efficiency, together with the laser repetition rate of 76 MHz, indicates that the mean number of probe photons per pulse coupled to the cavity was 0.1. In addition to the probe signal detected in the CCD, an inelastic scattering of the pump was observed. This background, measured . Solid lines are fits to a theoretical model. e, Measured probability P a b at 80 ps pump-probe delay when a quantum dot is pumped to state |2l by a p-pulse (top) and at 4 ns delay when it has relaxed back to state |gl (bottom). QD, quantum dot.
to be 5% at the p pulse condition and increasing to 14% at the 3p pulse condition, was subtracted for Fig. 3 .
Measurement of complete input-output photon polarization probabilities. A HWP placed between the PBS and the objective lens was used to rotate the input photon polarization to either H or V. After reflection, the photon underwent a second pass through the HWP due to the optical configuration of the set-up. When the HWP was oriented at 08, a detection event from the transmitted port of the PBS corresponded to a photon polarized in the H direction after reflection, while a detection event from the reflected port corresponded to V polarization. In contrast, when the HWP was rotated 458, a detection event at the transmission port of the PBS corresponded to a V-polarized photon after reflection from the cavity, while the reflection port corresponded to an H-polarized photon. This additional rotation was taken into account in the data in Fig. 4a and d. 
